Introduction
How cells segregate cellular components in an appropriate temporal and spatial manner remains a fundamental question in cell biology. In addition to classic membrane-bound organelles, membraneless organelles offer a flexible way to regulate location and concentration of these cellular components. Under specific physiological conditions, multivalent molecules such as proteins and nucleic acids, termed scaffolds, undergo polymerization and recruit a class of proteins and nucleic acids, termed clients, and assembles into small compartments. Such compartmentalization allows components to be exchanged with a cell's environment in a tightly controlled manner 1 . These compartments are also called membraneless organelles, biomolecular condensates or phase-separated compartments 1 . Common membraneless organelles include nucleoli, PML-body, stress granules and P body. It was recently shown that liquid-liquid phase separation (LLPS) underlies the formation of membraneless organelles 2, 3 . As a consequence, LLPS is now viewed as determinant of various pathological processes underlying, for instance, neurodegenerative diseases 1, 2, 4 as well as oncogenesis. A recent report showed that the prion-like domain of EWS-FLI1 fusion protein phase separates and recruits BAF chromatin-remodeling complexes to tumor-specific enhancers, thereby activating the transcriptional events of Ewing's sarcoma 5 .
Understanding the principles underlying the formation of membraneless organelles is crucial for investigating the physiology and pathophysiology of various biological processes. Furthermore, identifying the proteins linked to LLPS represents a critical first step towards characterizing membraneless organelles. Several recent studies found that many proteins involved in LLPS contain a high proportion of intrinsically disordered regions (IDRs); furthermore, these regions usually encompass low-complexity sequence regions (LCRs) 1, 4, 6 . Therefore, IDR content analysis is often utilized in bioinformatics screening of phase-separated proteins 7 . With programs predicting disorders such as D2P2 8 and MobiDB 9 , proteins with high proportion of IDRs be screened out. In addition to IDR length and number, sequence patterns like prion-like LCRs are also related to phase separation. Therefore, several phase-separation predictors further predict whether specific sequence patterns were included in the screened proteins, e.g. Pi-Pi predictor for pi-pi contacts prediction 10 ,
PLAAC for prion-like domain prediction 11 and ZipperDB for fibril-forming segment prediction 12 . While recent studies suggest that the length, number, and sequence pattern of IDRs are involved in fine-tuning their phase behavior, our understanding of how IDRs determine phase separation remains limited 13 . Furthermore, IDR content analysis tools are not suitable for phase-separated proteins with relatively low IDR content, including SOS1 in T cell microclusters 14 , ELF2 in stress granule 15 , mTOR in PML body 16 and PGL granule of C.elegans 17 .
One reliable criterion for phase separation is when spherical structures are formed and fuse with one another human genes on the size, number and morphology of typical membraneless compartments 18 . The specific droplet structure in the IF images is a typical feature which distinguish phase-separated proteins from other proteins 13, 19 . In another recent study, deep learning models based on IF images have been successfully established for the identification of protein subcellular locations 20 . Here, we set out to investigate whether deep learning based on IF images is an efficient way to discriminate proteins involved in phase separation.
Results

Overview of IDeepPhase method
We collected 96 experimentally confirmed human phase-separated proteins by retrieving from the literature (Supplementary Table 1 Table 3 ). The distribution of IDeepPhase scores (IDP scores) of all the proteins are shown in Fig. 2a .
Previous studies found that proteins involved in phase separation usually possess a high proportion of IDRs 1, 4, 6 . In agreement with this phenomenon, the IDR content of proteins with IDP scores higher than 0.90 was significantly higher than proteins with IDP scores less than 0.5 (One-tailed Mann-Whitney U test, p = 7E-8, Fig. 2b ).
The difference between the highly scored proteins and the known phase-separated proteins was significant as well (One-tailed Mann-Whitney U test, p = 5E-7, Fig. 2b ).
One possible explanation is that researchers who searched phase-separated candidates for further study prefer proteins containing a higher proportion of IDRs. It is well established that a number of phase-separated proteins exhibits relatively low IDR content. For example, the EDC3 protein has been shown to locate in P-bodies 22, 23 .
According to the prediction of D2P2, about 20% of EDC3 peptide sequence was consisted of IDRs. As shown in Fig. 2c , the IDP score of EDC was 1 in both MCF7
and U-2 OS cell lines. Another example was SOS1, which has been demonstrated to form phase separation in the process of T cell receptor signal transduction
According to the prediction of D2P2, about 25% of SOS1 peptide sequence was consisted of IDRs. As shown in Fig. 2d , the IDP score of SOS1 was 1 in U-251 MG cell line. Together, these results suggested that proteins with relative low IDR content can be discriminated by IDeepPhase.
It should be noted that IDeepPhase was built to discriminate IF images which displayed droplet structures. In addition, the formation of droplet structures is dependent on the concentration, solubility, valency and post-translational modification of the protein 1 . Therefore, phase-separated proteins displaying diffuse signals cannot be identified by IDeepPhase. As shown in Fig. 2d , SOS1 displayed a droplet structure in U-251 MG cell line, whereas the signal was more diffused in A-431 cell line. Another example was EWSR1, whose IF images were generated in three cell lines A-431, U-2 OS and U-251MG. However, the droplet structure of EWSR1 was only detected in U-2 OS cells ( Supplementary Fig. 2 ). Therefore, the antibodies and the cell lines which generated the highest scores are provided in Supplementary   Table 3 .
Components of both intranuclear and extranuclear membraneless organelles can be discriminated by IDeepPhase
To further investigate whether the IDP scores extracted from the GFP-tagged IF images of specific protein indicate phase separation potential, we compared the IDP scores with the membraneless organelle annotations from the Swiss-Prot database and the components of membraneless organelles generated by high-throughout approaches. In these comparisons, proteins used as training samples were removed (Supplementary Table 4 ).
In nucleoli, multiple liquid phase subcompartments may execute different processing steps in ribosome biogenesis, and these subcompartments serves similar to different workshops on an assembly line Table 4 ). To further investigate whether most of the nucleolar proteins can be discriminated by IDeepPhase, proteins annotated to locate in nucleoli were extracted from Swiss-Prot database (Supplementary Table 4 ). As shown in Fig.   3a , IDP scores of nucleoli proteins were significantly higher than other proteins excluding nucleoli components (One-tailed Mann-Whitney U test, p = 7E-24, Fig. 3a ).
The PML body is another typical phase-separated nucleolar subcompartment.
Proteins ATRX, MRE11, HIPK3, RPAIN and TDP2 were previously demonstrated to be the components of PML body 25 . As shown in Supplementary Fig. 2 Table 4) . Furthermore, as shown in Fig. 3a and 3b, both the components of nucleoli (UTP18) and PML body (SP100) displayed droplet structures. The size of nucleoli droplets was significantly larger than PML body droplets, and nucleoli droplets are also less likely to be standardly spherical than PML body droplets.
In addition to these two intranuclear membraneless organelles, we further investigated whether components of extranuclear membraneless organelles could be discriminated by IDeepPhase. A systematic in vivo analysis of proximity-dependent biotinylation (BioID) was recently conducted to identify P body components 26 . A second P-body proteome was analyzed using a fluorescence-activated particle sorting (FAPS) method, to find proteins that are located in P-body 23 . After filtering all proteins which were used as training samples as well as all proteins without IDP scores, we obtained 140 proteins (Supplementary Table 4 ). As shown in Fig. 3c , IDP scores of 140 P-body components were found to be significantly higher than other proteins excluding P-body components (One-tailed Mann-Whitney U test, p=1E-5, Fig. 3c ).
Components of stress granules had been identified by proteomic analysis as well 27 . After filtering all proteins which were used as training samples as well as all proteins without IDP scores, we obtained 257 proteins (Supplementary Table 4 ).
However, IDP scores for 257 stress granule components were not significantly higher than other proteins excluding stress granule components (Mann-Whitney U test pvalue 0.49, Fig. 3d ). Stress granules are phase-separated organelles which appear to protect RNAs when cells are stressed 28 . One recent report showed that without exogenous stress, the stress granule markers G3BP1 occur as diffuse signals throughout the cytoplasm 26 . In agreement with this study, G3BP1 also displayed diffuse cytosolic signals in the downloaded IF images from the Human Protein Atlas Database (Fig. 3d) , because components of stress granules cannot be identified from IF images generated without exogenous stress.
Taken together, these analyses clearly demonstrated that IDeepPhase was highly effective in extracting putative phase-separated components of both intranuclear and extranuclear membraneless organelles.
Intranuclear proteins with high IDP scores possess typical features of phaseseparated components
To further investigate whether proteins with high IDP scores possess typical features of phase-separated proteins, we selected 2343 proteins which received IDP scores higher than 0.9 for sequential and functional preferences analysis.
Unlike in the nucleus, extranuclear membrane-bounded organelles like endosomes or lysosomes display spherical structures similar to membraneless organelles. To investigate the influence of extranuclear membrane-bounded organelles on the prediction results of IDeepPhase, we separated 2343 proteins into two groups according to the location annotations of the Human Protein Atlas database:
1467 proteins whose locations include the nucleoli, nucleoli fibrillar center, nuclear bodies, nuclear speckles, nucleoplasm or nucleus; 876 proteins which were only annotated to be located in the extranuclear organelles.
Of 1467 intranuclear proteins, we identified 16% (235/1467) with IDR proportions higher than 0.5; while of 876 extranuclear proteins, we only identified 5%
(44/876) with IDR proportions higher than 0.5 (Fig. 4a) . In addition to the enrichment of IDRs, another sequential feature is that low complexity regions (LCRs) are enriched in phase-separated proteins. To evaluate the enrichment of LCRs, we downloaded the LCRs of 2343 proteins from the LCR-eXXXplorer database 29 . For 1467 intranuclear proteins, the LCR contents of proteins with IDP scores higher than 0.90 were significantly higher than for proteins with IDP scores lower than 0.5 (Onetailed Mann-Whitney U test, p = 0.0009, Fig. 4b ). In agreement with our LCR content analysis, the domain analysis shown in Fig. 4c indicate that compositionally biased regions are also enriched in 1467 intranuclear proteins. In comparison, for 867 extranuclear proteins, the LCR contents of proteins with IDP scores higher than 0.90
were not significantly higher than proteins with IDP scores lower than 0.5 (One-tailed
Mann-Whitney U test, p = 0.12, fig. 4b ).
To evaluate the subcellular localization of phase-separated proteins, we performed cellular component enrichment analysis on the 1467 intranuclear proteins.
The result of enrichment revealed. As shown in Fig. 4d , these intranuclear proteins were highly enriched in proteins located in nucleolus, PML body and Cajal body. We also found that the molecular function terms RNA binding, DNA binding and protein binding were highly enriched in 1467 intranuclear proteins.
Proteins which are critical for forming phase separation belong to two archetypes 1, 4, 6, 13 . The first type is characterized by multiple modular domains that interact with Cellular component enrichment analyses of 876 extranuclear proteins revealed that these proteins were significantly enriched to locate in P-bodies ( Supplementary   Fig. 4) . However, the proteins were also significant to located in endosomes and lysosome ( Supplementary Fig. 4 ), which indicates that proteins located in endosomes/lysosomes cannot be easily distinguished from components of membraneless organelles.
Protein kinases potentially involved in phase separation
Post-translational modifications, particularly phosphorylation, are known to play crucial roles during condensation/dissolution of phase-separated compartments. For example, after being phosphorylated by kinase ZAP70, transmembrane protein LAT recruits several ligands such as protein SOS1, and subsequently forms the LAT complex that coalesces into T cell microclusters, enriching kinases while excluding phosphatases, subsequently activating downstream signaling pathways 14 . Another example is the kinase DYRK3, which can regulate the mTORC pathway by regulating the condensation/dissolution of stress granules through its phosphorylation behavior 18 .
As shown in Fig. 5a , we found that 2343 proteins with IDP scores higher than 0.9
were preferentially phosphorylated (Fig. 5a ). Especially, SOS1 and mTOR in the Table 5 ). As shown in Fig. 5b , the top 5 kinases were identified as PLK3, JNK2, PKCB, CDK4 and Chk2. One of these kinases, Chk2, is known to phosphorylate PML 18, 30, 31 and tau 32, 33, 34 (Fig. 5c ). In addition to PML and tau, the other two substrates of Chk2, CDC25C and BDNF, achieved IDP scores of 0.97 and 0.95 (Fig. 5c ) respectively, implying their potential to undergo polymerization. We also found that a considerable number of substrates of the kinase mTOR were involved in phase separation (Fig. 5d) . mTOR is known to regulate phase separation of PGL granules during C. elegans embryogenesis through phosphorylation of PGL-1 and PGL-3 17 . We found that in human cells, mTOR and its substrates PRTOR, MAF1, SGK1, MYCN, PATL1, SRRM2 and SRRM1 formed droplets in IF images (Fig. 5d) , suggesting that phase separation dose crucial to the mTOR pathway.
Discussion
In this study, we established a methods called IDeepPhase which discriminated Table 2 ).
Convolutional neural network
As described in Supplementary Fig. 1 
Two-stage training process of IDeepPhase
Two-stage training was applied in the training process (Fig. 1a) . In the first stage, nucleoli fibrillar center, nuclear bodies, nuclear speckles, and nucleus were denoted as intranuclear proteins (Fig. 4a) . Otherwise, the proteins were denoted as extranuclear proteins (Fig. 4a) .
Enriched GO terms, Pfam domains, and Uniprot keywords were identified by DAVID 6.8 40 .
The phosphorylation site dataset and kinase-substrate interaction dataset was downloaded from the PhosphoSitePlus database, which included 237523 phosphorylation sites and 10266 kinase-substrate relations 41 .
Code availability
Source code are available at https://github.com/cheneyyu/IDeepPhase. Receiver operating characteristic (ROC) curve of classification on the test set. Supplementary Table 1 Summary of collected known phase-separated proteins.
Supplementary Table 2 Summary of images used in two stages of training and validation.
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